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Particle surface modification of powdered materials has currently attracted considerable attention in various 
industrial and scientific fields. However, conventional wet processes, such as plating and impregnation 
method, produce wastewater streams containing potentially harmful residual chemicals. In addition, the wet 
processes involve the decomposition of precursors by heating and chemical reduction, which interfere with 
controlled surface modification. To avoid such drawbacks of wet processes, we have developed novel 
particle surface modification methods based on the plasma technologies. In our original surface 
modification methods, a polygonal barrel containing the powdered sample is rotated or oscillated to stir the 
particles during treatment, achieving the uniform modification of the particle surfaces. Since plasma 
technologies used in our methods are categorized as dry processes, they do not accompany wastewater 
discharge. Furthermore, the treatment in our methods is carried out without heating or chemical reduction, 
allowing controlled surface modification. This report describes the particle surface modification using the 
“polygonal barrel-sputtering method”, “polygonal barrel-plasma chemical vapor deposition method”, and 








































Figure 1 A photograph of the polygonal 
barrel-sputtering system and a schematic 

















材料の表面修飾について記す。図 2(I)には Pt を修飾
したポリメタクリル酸メチル（PMMA）微粒子（粒
径: 50 μm）の光学顕微鏡写真を示している[9]。修飾




取れる。これらの結果は、多角バレルスパッタリング法により、PMMA 微粒子表面が Pt 薄膜（TEM
観察より、膜厚約 50 nm）で均一にコーティングされていることを明示している。図 2(II)には他
の金属薄膜を修飾した PMMA 微粒子（粒径: 15 μm）の写真を示した[10]。それぞれの試料は、修
飾した金属に由来する色を呈している。また図 2(III)に示す SEM 像では粒子表面の形態には大き










の色は調製時の RF 出力増加（0、195、350、490 W）に従って、金属色（アルミ自体の色）から
黄→赤→青と変化した。それぞれの試料が単一の干渉色を呈していることは、個々のアルミフレ
Figure 2 (I) Optical microscope images of 
PMMA particles (particle size: 50 μm) before 
and after Pt film-coating. (II) Photographs
and (III) SEM and EPMA images of PMMA 
powder samples (particle size: 15μm) coated 









像から膜厚は 195 W: 80±15 nm、350 W: 130±20 nm、







2.3 カーボンナノチューブ･ナノファイバー（1 次元）材料の表面修飾[17] 
 カーボンナノチューブ（CNT）やカーボンナノファイバー（CNF）は、ナノメートルオーダー
の繊維径を持つ一次元の炭素材料であり、特異な電気伝導性や機械的強度を有することから、幅
広い分野で注目されている。例えば、金属ナノ粒子を担持した CNT や CNF は燃料電池用電極触
媒やバイオセンサーなどへの応用が検討されている。しかし、通常のウェットプロセスを用いた




4(A)には繊維径 150 nm（繊維長: 10～20 μm）の
CNF に Pt を担持した試料の TEM 像を示した｡
比較のために、担持前の CNF 表面も図 4(B)に示
した｡修飾前の CNF 表面は比較的平坦であるの
に対し、修飾後の試料表面には黒い点として見
える粒径 2～4 nm の Pt ナノ粒子（平均粒径: 2.2 
nm）が極めて均一に担持されていることがわか




(i)で示した Pt ナノ粒子（粒径: 8 nm）は試料台の
角度変化に追随して徐々に図中下側に移動した
が、(ii)の粒子は全く移動していない。つまり、
Figure 4 TEM images of (A) Pt-deposited CNF
and (B) as-received CNF. (C) and (D) show the 
TEM images of Pt-deposited CNF samples 
prepared by an impregnation method and the 
polygonal barrel-sputtering method, respectively, 










Figure 3 (I) A photograph of Al flakes before
and after SnO2-film coating. (II) Cross-sectional
SEM images of the Al flakes coated with SnO2
films (AC power, A: 195, B: 350, C: 490 W). 
微粒子表面修飾・改質プロセスへのプラズマ技術の適用と機能性微粒子材料の創成 
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(ii)の Pt 粒子は空洞内に存在していることを示し、その量は粒径と個数から全担持 Pt 量の 37%に
まで達することがわかった。一方、多角バレルスパッタリング法で作製した試料（図 4(D)）では、
(iii)で示したナノ粒子のように全粒子の移動が認められた。すなわち、担持した Pt ナノ粒子は全



















必要であるが、電極材料として用いられている Pt や Pt 合金の使用量削減や電極自体の高性能化も
その一つである。著者らは多角バレルスパッタリング法を用いてカーボン担体上に Pt-Ru 合金を
担持したアノード触媒（Pt-Ru/C、合金組成: Pt:Ru=50:50 at.%）を調製し、その特性を検討した[18,19]。












Figure 5 TEM images of Pt-Ru/C anode catalysts 
for PEFCs with data of atomic ratios (Pt:Ru) of 










通常 400℃程度の熱を必要とし（新たな CO2 発生誘
引）、今まで｢意味のない反応｣と考えられてきた。
しかし最近、多角バレルスパッタリング法を用いて








約 2～3 nm であり、かつ粒径分布も単分散系に近い
ことがわかった。一方、焼成･還元処理が必要な
Ru/TiO2(W)の Ru 粒径分布は 5～20 nm であり、
Ru/TiO2(B)と明らかに異なっていた。さらに Ru 粒子径と TON 数（表面積を考慮した反応速度）、















Figure 6 (A) Temperature dependence of the
methane yield at methanation of CO2 over
Ru/TiO2 samples. Insets show TEM images
of Ru/TiO2(B) and Ru/TiO2(W). (B) Plots of
the onset temperature of methane formation
and TON at 160ºC versus and the mean






て、PMMA 微粒子（粒径: 50 μm）表面の DLC 薄膜のコー
ティングを試みた。処理前後の試料の外観写真と光学顕















微粒子（平均粒子径: 7 nm）の窒化処理前後の写真と SEM 像を図 8(A)、(B)に示した[24]。参考の
ために、アンモニア雰囲気で 550℃加熱処理して調製した試料写真も図 8(C)に載せている。いず








Figure 8 Photographs and SEM images of (A) as-received TiO2 sample, (B) plasma-treated TiO2 sample,
and (C) NH3-treated TiO2 sample with data of N contents and specific surface areas. 
Figure 7 (I) Photographs of (A) 
untreated and (B) treated PMMA 
powder samples in a glass bottle and 
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Influence of Pd deposition on deuterium (D) retention in W samples irradiated 
with W self-ions was examined to understand the correlation between the probability of 
occupation of radiation-induced traps by D and the concentration of D in a solid 
solution state under plasma exposure. W samples were irradiated with 4.8 MeV W ions 
論文 
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to 0.65 and 12 dpa, and a thin Pd layer was deposited on the sample with the higher 
damage level by a technique of sputter-deposition. Then, the samples were exposed to 
DC glow-discharge D plasma at 403 K. In spite of the higher damage level, the 
concentration of trapped D in the damaged zone of the Pd-covered sample was far 
smaller than that in the non-covered one. The small D retention in the Pd-covered 
sample was explained by a decrease in the D concentration in the solution state owing to 
the enhanced recombinative release by Pd and the consequent reduction in the 
occupation probability of radiation-induced traps. These observations indicated that 
tritium inventory in neutron-irradiated W materials can be significantly reduced by 
enhancement of tritium reemission by surface modifications.  
 
1. Introduction 
Tungsten (W) and its alloys are recognized as candidates of plasma-facing 
materials of future fusion reactors. Because defects such as vacancies and voids act as 
strong traps for hydrogen isotopes, tritium (T) inventory in neutron-irradiated W 
materials is an important problem in safety assessment of fusion reactors. Indeed, 
significant increase in deuterium (D) retention in W after neutron irradiation in a fission 
reactor was reported in Refs. [1–6]. It is also known that irradiation effects by neutrons 
can be simulated by irradiation with high energy ions [7]. 
Under exposure to hydrogen isotope plasma, a majority of hydrogen particles 
impinging on the W surface are emitted back to the plasma through recombination into 
molecules on the surface and subsequent desorption. A minor portion of impinging 
hydrogen isotopes settles in interstitial sites in the bcc lattice, diffuses in the lattice, and 
then gets trapped when they encounter unoccupied defects. Under exposure to high flux 
照射損傷を受けたタングステン中の重水素滞留挙動に及ぼす Pd 表面被覆の影響 
 11
plasma, formation of bubbles and blisters takes place in the near-surface regions by 
precipitation of molecular hydrogen isotopes in cavities. The hydrogen isotope retention 
in blisters and bubbles increases practically infinitely with increase in internal pressure, 
and these defects can be called as unsaturable traps. On the other hand, in the bulk of 
materials where chemical potential is far lower, hydrogen isotopes are trapped in atomic 
form in defects such as dislocations, vacancies, and vacancies clusters with finite 
capacity. These defects are often referred as saturable traps. In this study, the attention 
is focused on the trapping effects in the bulk of materials, and hence only saturable traps 
are considered below. Inventory of hydrogen isotopes increases with increase in the 
fraction of occupied traps. Based on the model proposed by Beshers [8], the fraction of 
occupied traps t at temperature T is expressed as  
  t,i/(1 −t,i) = L exp(Ebin,i/kT),      (1) 
where L is the fraction of occupied interstitial sites, Ebin,i is the binding energy between 
hydrogen isotope and defect, i is the type of defect and k is the Boltzmann constant. 
This equation suggests that the fraction of occupied trap sites and consequently 
inventory of hydrogen isotopes increases with an increase in the concentration of 
hydrogen isotopes in the solid solution state CSS because CSS is proportional to L. Even 
under the conditions where Ebin,i/kT >> 1 (i.e. t ≈ 1), the inventory of hydrogen isotopes 
depends on CSS if a discharge pulses are short enough to keep the penetration depth of 
hydrogen isotopes smaller than the thickness of W materials [9]. If Ebin,i/kT >> 1, clear 
interface between filled zone (t ≈ 1) and empty zone (t ≈ 0) can be observed, and the 
velocity of the interface is  
     dx/dt = DLCSS-S/xNt,     (2) 
V. Kh. Alimov・波多野雄治・杉山一慶・高木郁二・松山政夫 
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where x is the depth from the surface, t is time, DL is the diffusion coefficient of 
hydrogen isotopes in the lattice of W, and Nt is the trap density [10]. Here, CSS-S is the 
concentration of hydrogen isotopes in the solution state just beneath the plasma-facing 
surface. Although CSS including CSS-S is far smaller than the concentration of trapped 
hydrogen isotopes, the variation in CSS has strong influence on total inventory of 
hydrogen isotopes. Indeed, such correlation between CSS and inventory of D was 
demonstrated by a gas absorption technique under equilibrium conditions in our 
previous papers [5,11]; CSS was determined as a function of pressure of D2 gas and 
temperature. However, the correlation under non-equilibrium conditions, such as under 
plasma exposure, has not been proven.   
  The objective of the present study is to demonstrate the effects of surface 
modification of W on D inventory in MeV-range W-ion-irradiated W. A thin Pd layer 
was prepared on the surface of the W-ion-irradiated W sample, and then the samples 
with and without Pd layers were exposed to weakly-ionized D plasma created by DC 
glow discharge. Weakly-ionized plasma is suitable to examine the interaction between 
hydrogen isotopes and saturable traps because such low-flux plasma does not form 
blisters. As previously reported [11], the W-ion-induced defects in the sample without 
Pd layer become fully occupied during plasma exposure of surface to a depth depending 
on implantation fluence (or time) and are empty at greater depths; the D depth profiles 
are consistent with saturable traps being filled by D atoms diffusing from the surface. 
The mass balance at the plasma-facing surface can be expressed as in = krCSS-S2 where 
 is the sticking coefficient of impinging particles, in is incident flux and kr is the 
surface recombination rate constant. Hence, CSS-S = (in/kr)1/2. Although kr for a clean 
W surface is very high (kr ≥10−11 m4s−1 at ≤ 1000 K [7]), such surface state is available 
照射損傷を受けたタングステン中の重水素滞留挙動に及ぼす Pd 表面被覆の影響 
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only in an ultra-high vacuum. The values of kr reported for W with ion-implantation 
[12] and linear plasma machines [5] are just kr ≥ 10−20 m4s−1 owing to contamination by 
impurities such as oxygen and carbon. On the other hand, Pd is a noble metal and its 
surface is less sensitive to contamination by impurities. In addition, solubility of 
hydrogen isotopes in Pd is significantly larger than that in W, and Pd overlayers would 
provide high CSS-S together with low CSS in the W substrate.  
 
2. Experimental 
Polycrystalline mechanically-deformed W from A.L.M.T. Co., Japan, with a 
purity of 99.99 mass%, was used in this work. Two W disc-type samples, 6 mm in 
diameter and 0.2 mm in thickness, were prepared by cutting a polycrystalline tungsten 
rod annealed at 1173 K for 3.6 ks in a hydrogen atmosphere to relieve internal stresses 
occurred in the manufacturing process. The samples were mechanically polished to a 
mirror finish with diamond powders (9- and 3-m-sized grains) and colloidal silica 
suspension (40-nm-sized grains). After cleaning in an ultra-sonic bath with acetone, 
surfactant and de-ionized water for 5 min each, the samples were annealed at 1173 K for 
1.8 ks in vacuum (∼10−6 Pa). The grains are elongated along the direction normal to the 
surface, which is similar to ITER-grade W.  
The first W sample (sample #1) was irradiated with 4.8 MeV W ions at 
temperature of 573 K to damage levels of 0.65 displacements per atom (dpa) at the 
damage peak, whereas the second sample (sample #2) was irradiated with 4.8 MeV W 
ions at 300 K to 12 dpa. The damage profiles were calculated using the program SRIM 
2008.03 [13], “full cascade option”, with the displacement energy of Ed = 90 eV as the 
more reliable value for the W lattice [14,15]. Note that for irradiation with 4.8 MeV W 
V. Kh. Alimov・波多野雄治・杉山一慶・高木郁二・松山政夫 
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ions, the damage peak situated at a depth of 0.23 µm. 
The damaged sides of sample #1 were exposed to D plasma formed by DC glow 
discharge at temperature of 403 K [11]. The sample was set on a holder equipped with 
an ohmic heater and a thermocouple served as anode, whereas W disc located at a 
distance of about 10 cm from the sample holder was used as a cathode. Deuterium 
pressure in the chamber was maintained at 1 Pa, DC discharge voltage was 400 V, and 
discharge current averaged about 0.18 A. Because the sample was set on an anode, the 
main impinging particles are D atoms and molecules (D neutrals) in addition to 
electrons. The energies of atoms were in the range from few eV (atoms originated in the 
glow discharge) to ~150 eV (atoms reflected from the W cathode). The flux of 
implanted deuterium was estimated to be about 21018 D/m2s with the use of Ti probe 
exposed in the DC glow discharge at 300 K for 10 and 60 min, while the D retention in 
the Ti probe was determined by thermal desorption spectroscopy [11]. The implantation 
fluence was about 61022 D m−2.  
Sample #2 was exposed to the D plasma in a similar manner at 403 K to the 
implantation fluence of about 61022 D/m2, but with Pd cathode instead of W one. 
Owing to far larger sputtering yield for Pd than W by 400 eV D ions, the surface of 
sample #2 was covered by sputtered Pd particles. Here, the sputtering yield for W is 
3×10−3 [16]. The sputtering yield for Pd is not available, but that for Ag locating next to 
Pd in the periodic table is 0.1 [16]. Thickness of the deposited Pd layer on the sample 
was determined by means of Rutherford backscattering spectroscopy (RBS) at 3He ion 
energies of 2.8 MeV and evaluated with SIMNRA program [17]. The backscattered 3He 
was energy-analyzed at a scattering angle of 165° by a small-angle surface barrier 
detector. It was found that after D plasma exposure for 30 ks (that corresponded to the 














Analysing beam: 2.8 MeV 3He+
                       W
  RBS experimental data
  simulation with SIMNRA
          58 nm Pd layer on W
  RBS experimental data
  simulation with SIMNRA
Fig. 1 Rutherford backscattering (RBS) spectra for 2.8 MeV 3He ions incident on tungsten 
with and without 58 nm thick Pd layer deposited on the W surface. The symbols and solid 
lines represent respectively experimentally measured and calculated RBS spectra. The 
RBS spectra were calculated by the SIMNRA program [17]. 
 
implantation fluence of about 61022 D/m2), a thickness of Pd layer was around 270 nm. 
After the RBS measurement, the Pd layer on sample #2 was thinned by sputtering with 
Ar ions in a commercial glow-discharge optical emission spectroscopy (GDOES) 
device (Horiba Jobin Yvon, GD-Profiler 2). Repeated RBS measurement performed 
after that showed that a thickness of the Pd layer was reduced to 58 nm (Fig. 1). Sample 
#2 with 58 nm Pd layer was exposed to the D plasma with the use of the W cathode at 
403 K to the implantation fluence of about 61022 D/m2. Namely, sample #2 was 
sequentially exposed to D plasma 2 times with the in-situ Pd deposition up to 270 nm 
V. Kh. Alimov・波多野雄治・杉山一慶・高木郁二・松山政夫 
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and with the pre-prepared thin Pd layer (58 nm).  
The deuterium profiles in samples #1 and #2 after exposure to the D plasma were 
determined by nuclear reaction analysis (NRA) at IPP, Garching. The D(3He,p)4He 
reaction was utilized, and both the  particles and protons were analyzed. To determine 
the D concentration at larger depths, an analyzing beam of 3He ions with energies varied 
from 0.69 to 4.0 MeV was used. The proton yields measured at different 3He ion 
energies allow measuring the D depth profile at depths of up to 6 μm.  
 
3. Results and discussion 
Generation of displacement damage in the sample #1 at 573 K and subsequent 
exposure to D plasma at temperature of 403 K leads to accumulation of deuterium at 
depths up to 2 µm (i.e., in the damage zone) to concentrations of about 0.6 at.% as 
shown in Fig. 2. Note that after exposure to D2 gas at pressure of 1 Pa (the same 
deuterium pressure was maintained under DC glow discharge) and temperature of 
403 K for 30 ks (i.e., for time period of the D fluence), the D concentration in the 
damage zone does not exceed 10−3 at.%. It should be noted that, in undamaged W 
exposed to the D plasma, the D concentration at depths  0.1 µm is below the NRA 
detection limit of 510−4 at.%. 
In the sample #2 exposed to the D plasma with the Pd cathode, deuterium is 
accumulated mainly in the 270 nm thick Pd layer (Fig. 2). However, after thinning of 
the Pd layer to 58 nm and second D plasma exposure with the W cathode, the D 
concentration in the W damage zone is significantly lower than that for the W sample 
#1 without Pd film (Fig. 2), in spite of higher defect concentration. Note that in the 
sample #2 irradiated with 4.8 MeV W ions at 300 K to the damage level of 12 dpa, a 
照射損傷を受けたタングステン中の重水素滞留挙動に及ぼす Pd 表面被覆の影響 
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 W (0.65 dpa @ 573 K) (sample #1)
 270 nm Pd / W (12 dpa @ 300 K)
       (sample #2, after the first exposure)
 58 nm Pd / W (12 dpa @ 300 K)
       (sample #2, after the second exposure)
D plasma (403 K @ 6 x1022 D/m2)   W 
damaged with 4.8 MeV W ions
 damage profile, 0.65 dpa
Pd        W
 
Fig. 2 Depth profiles of D retained in the sample #1 and sample #2 after the first and 
second D plasma exposures. Thickness of the Pd layer on the sample #2 after the first 
and second D plasma exposures is indicated in the legend. A boundary between the Pd 
layer and the W substrate corresponds to a depth of 0 µm. Damage profile is plotted in a 
logarithmic scale on the right ordinate axis.  
 
concentration of defects responsible for trapping of diffusing D atoms is slightly higher 
than that for W-ion irradiation at 573 K to 0.65 dpa [5].  
Obviously, the deposited Pd film on the W surface serves as a storage for 
implanted D and reduces flux of diffusing D atoms penetrating into the damage zone by 
increasing krCSS-S2. Note that the diffusivity of D in Pd is 4.5 × 10−10 m2s−1 at 403 K [18]. 
Hence, the mean diffusion length of D during the exposure to D plasma for 30 ks is 
evaluated to be 5 mm. This value of mean diffusion length is far larger than the 
thickness of Pd layer (58 nm). It means that the low concentration of trapped D in W 
damage zone in sample #2 was not owing to slow diffusion in the Pd layer. The D 
V. Kh. Alimov・波多野雄治・杉山一慶・高木郁二・松山政夫 
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concentration in sample #2 beneath the surface (Pd region) was ca. 1 at.% (6.9 × 1026 D 
m−3). Since in under exposure to D plasma was about 21018 D m−2s−1, the kr was 
evaluated to be 4 × 10−36 m4s−1. This value is in reasonable agreement with that reported 
by Pick and Sonnenberg [19]. The entropy and enthalpy of H solution in Pd are     
−60 J mol−1K−1 and −10 kJ mol−1, respectively [18]. Hence, the above-mentioned D 
concentration (1 at.% at 403 K) corresponds to equilibrium pressure of 31 kPa. On the 
other hand, the concentration of D in a solid solution state in W at this pressure (31 kPa) 
and temperature (403 K) can be evaluated from the solubility data reported by 
Frauenfelder [20] to be 2.5 × 1013 D m−3 (3.9 × 10−16 in [D]/[W]). According to Eq. (1), 
at this fraction of occupied interstitial sites,L, the fraction of occupied traps,t, 
becomes equal to or below 0.1 if Ebin ≤ 1.2 eV. Since the activation energy for diffusion 
of H in W is 0.39 eV, this Ebin corresponds to the activation energy for desorption of ca. 
1.6 eV. This means that occupation probability of mono-vacancies [21] and dislocations 
[22] by D is negligibly small. Namely, low concentration of trapped D in sample #2 can 
be explained by low occupation probability of defects with small Ebin owing to low D 
concentration in the solid solution state. In other words, under plasma exposure, the 
retention of hydrogen isotopes in irradiated W can be reduced by reduction in the D 
concentration in the solid solution state by enhancement of recombinative release.   
 
4. Summary 
 Preparation of a Pd layer on an MeV-range W-ion-irradiated W sample resulted 
in significant reduction in D retention after exposure to DC glow-discharge D plasma at 
403 K. The reduced D retention was explained by decrease in D concentration in a solid 
solution state caused by enhancement of recombinative D release by the Pd layer and 
照射損傷を受けたタングステン中の重水素滞留挙動に及ぼす Pd 表面被覆の影響 
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consequent reduction in occupation probability of radiation-induced traps. These 
observations indicated that tritium inventory in neutron-irradiated W materials can be 
significantly reduced by enhancement of tritium reemission by surface modifications.  
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Degradation of a carbon-supported Pt (Pt/C) catalyst used at the cathode of polymer electrolyte fuel cells 
was investigated. The Pt/C sample was prepared by the polygonal barrel-sputtering method. The results 
showed that the Pt nanoparticles were highly dispersed on the powder carbon support. The cyclic 
voltammograms of the prepared Pt/C sample showed that the Pt particles were electrochemically cleaned 
by 100 repetitions of the potential cycling. Further continuation of potential cycling, however, resulted in 
the gradual decrease in H adsorption/desorption currents, indicating a loss of the electrochemical surface 
area (ESA) of the deposited Pt. Note that the ESA obtained after the 4000th potential cycling was ca. 20% 
of that at 1st potential cycling, and the decrease in the ESA is most likely attributed to the growth and 









年には PEFC を搭載した燃料電池自動車も市場投入される予定である。 
 PEFC における重要な構成要素の一つは電極触媒である。その代表格は水素酸化・酸素還元に高
活性な Pt であるが、Pt は高価であることから大量使用は PEFC の高コスト化に繋がる。このこと
を防ぐために、実用的な PEFC では導電性カーボン粉末にナノ化した Pt 粒子を担持させた Pt 担持
カーボン触媒（Pt/C）が一般的に使用されている[1-3]。 
 Pt は耐薬品性が高く、安定な金属として良く知られている[4]。しかし PEFC カソードでは、Pt
の電気化学表面積（ESA）が長期運転により減少するという触媒劣化が報告されている[5-7]。そ
のため、PEFC の長寿命化にはカソード触媒の劣化要因を解明する必要がある。この検討に関して、











 Pt/C 試料は、導電性カーカーボン粉末（Vulcan XC72R、Cabot、平均一次粒子径 30 nm）を担体
に用いて調製した。カーボン粉末は、水分による粒子の凝集を防ぐために使用前に 180℃で乾燥
した[9,11,13,14]。多角バレルスパッタリング法による試料の調製は、Pt 板（50 × 100 mm）をター
ゲットに用いて以下のように行った[9-14]。乾燥した 1 g の Vulcan XC72R を導入した 6 角バレル
を真空チャンバーに設置し、ロータリーポンプ、油拡散ポンプを用いて真空排気した。圧力が 9.9 
× 10-4以下に達した後、Ar ガス（純度: 99.999 %）をチャンバー内に導入し、RF 出力: 25 W、Ar
ガス圧: 1 Pa、室温の条件で 3.5 時間スパッタリングを行った。この時 6 角バレルは、カーボン粉





 調製試料の Pt 担持量は蛍光 X 線分析（XRF: PW2300/00、PHILIPS）より求めた。検量線は、
Vulcan XC72Rで 2倍と 4倍に薄めた市販の Pt/C試料（HiSPECTM 4000、Johnson Matthey、Pt 40 wt.%）
を標準試料に用いて作成した。劣化前後の試料中の Pt 粒子の変化は、透過電子顕微鏡（TEM: 






 電気化学測定は、三極式セルを用いて 0.5 mol dm-3 H2SO4中で行った。測定には Pt ワイヤーを
対極、飽和カロメロ電極を参照電極として使用したが、本論文ではすべての電極電位を可逆水素
電極電位（RHE）で表記している。作用極は以下のように作製した[9,11,15]。10 mg の調製試料を
純水（7 ml）+2-プロパノール（3 ml）の混合溶液中で 20 分間超音波処理することで均一な分散液
を調製した。5 μl の分散溶液を鏡面状に研磨した 5 mm のカーボンディスク電極（HR2-D1-GC5、
北斗電工）上に塗布し、N2通気下で乾燥後、エタノールで希釈した 0.25 wt.%ナフィオン溶液を 5 
μl 塗布することで試料を固定した。この作用極を用いて、Pt/C 試料を劣化させるために連続電位
掃引を N2飽和した H2SO4中で行った[16,17]。電位掃引は温度: 40ºC、掃引速度: 50 mV s-1 の条件で
PEFC 運転時のカソード電位に相当する 597～1097 mV vs. RHE で行い、触媒劣化は定期的に 41～





 図 1(A)は調製試料（Pt 担持量: 24 wt.%）の典型的な TEM 像を示す。この試料では、黒点で表
される Pt ナノ粒子が灰色のカーボン担体上に高分散に担持されている。この写真を XRF の検量
線作成用に用いた市販試料（図 1(B)）と比べると、調製試料に担持された Pt 粒子は極めて均一で
凝集体も存在しないことがわかる。なお、調製試料に担持さ
れた Pt の平均粒径は市販試料の 3.8 nm より小さい 2.1 nm で
あった。 
 図 2 は電位掃引毎に測定したサイクリックボルタムグラ
ムを示す。1 回目に測定したボルタムグラムでは、水素の吸
脱着、および Pt 酸化物の形成と還元に起因する酸化・還元
電流[18]が、それぞれ 41～300 mV vs. RHE と 650 mV vs. RHE
より貴な電位範囲に認められた（図 2(A)）。しかし、水素吸
脱着ピークはブロードであり、図 2(A)のボルタムグラムは汚













Figure 1 Typical TEM images of 
(A) prepared Pt/C sample (Pt: 24 
wt.%) and (B) commercially 





 Pt のボルタムグラムで観測される水素脱着アノード電流と ESA には以下の関係式が成り立つ
[20]。 
 
 ESA (cm2) = Q/210       (1) 
 
ここで、Q は Pt 上の水素脱着反応に起因する電荷




結果を図 3 に示す。電位掃引を 100 回繰り返すと
ESA は一旦増加する。これは、上記した Pt の清浄
化に起因すると考えられる。さらに電位掃引を繰
り返すと ESA は徐々に減少し、4000 回目の ESA
は 1 回目（0.74 cm2）の約 20%に相当する 0.14 cm2
まで低下した。 
 さらに ESA 減少の要因を検討するために、4000
Figure 3 ESAs and ratios of ESA/ESAIntial
versus potential cycling number. 
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Figure 2 Cyclic voltammograms of prepared Pt/C sample obtained at (A) 1st potential cycle, and after (B) 
100th, (C) 500th, and (D) 4000th potential cycling (temperature: 40 ºC). The potential cycling was 
conducted at 50 mV s-1 between 597 and 1093 mV vs. RHE, and the cyclic voltammograms were measured 
at 20 mV s-1. 














図 4 に示す。この像を図 1(A)の電位掃引前の結果と比較する
と、電位掃引により Pt 粒子が凝集したことがわかる。粒径は
4～5 nm と見積もられ、掃引前より明らかに増加していた。つ
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 To understand the mechanisms of the gas evolution from Li2+xTiO3+y stored in moist air, their 
weight loss curves were measured in a helium atmosphere with a thermal gravimeter. No weight 
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loss was observed Li2.0TiO3 stored in moist air in the temperature range from ambient 
temperature to 800 oC. On the other hand, the weight loss curves of Li2.2TiO3+y and Li2.4TiO3+y 
stored in moist air showed two steps. The first step began around 100 oC, and the second step 
started around 650 oC. The first and second weight loss steps were attributed to H2O and CO2 
evolutions, respectively. The CO2 evolution in the second step resulted from the thermal 
decomposition of Li2CO3, which was produced by the reaction between Li4TiO3 and CO2 during 


























































Figure 1. Temperature-evolution of weight 
changes of Li2.0TiO3 with heating under 
helium flow. 























































Figure 2. Temperature-evolution of weight 
changes of Li2.2TiO3+y with heating under 
helium flow. 
Figure 3. Temperature-evolution of weight 
changes of Li2.4TiO3+y with heating under 
helium flow. 










































Ramp rate    : 10 oC/min
Atmosphere : He
湿潤空気下で保管した Li2+xTiO3+y の加熱に伴う重量変化 
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 2 2LiOH(H O) LiOH+H O  (1) 
と考えられ，反応(1)で予想される重量減少は43%である．これは，LiOH(H2O)の熱重
量分析の1段階目の重量減少で得られた値と一致する．2段階目の反応は 















 2 3 2 2Li CO Li O+CO  (3) 
の反応によりCO2が放出されたことによる．この反応式より予想される重量減少量は
Figure 4. Temperature-evolution of weight 
changes of LiOH(H2O) with heating under 
helium flow. 
Figure 5. Temperature-evolution of weight 
changes of Li2CO3 with heating under helium 
flow. 
























Ramp rate    : 10 oC/min













































Figure 6. Thermal decomposition 
mechanism of Li2.4TiO3+y stored in dry air. 
Figure 7. Thermal decomposition 
mechanism of Li2.4TiO3+y stored in moist 
air.



















2 2LiOH(H O) LiOH+H O
2 22LiOH Li O+H O
2 3 2 2Li CO Li O+CO






































下で保存した Li2.4TiO3+yで観測された重量減少は LiOH(H2O)と Li2CO3の熱分解で説明で
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Abstract 
 
The mesostructure and tritium desorption properties of as-synthesized MCM-41 and that after 5 cycles of 
sequential H2O impregnation/desorption have been compared. The XRD and tritium desorption 




The enrichment of tritiated water is an important and indispensable task in tritium (T) 
recycling and environmental protection. Although there are several methods for deuterium 
enrichment that are practically available and used in operations, these methods, such as gas 
diffusion, distillation, and electrolysis [1], are not applicable to T enrichment because of their 
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high cost and low efficiency. The development of a novel method for the enrichment of T 
from tritiated water has long been required. Selective sorption and separation of T with 
certain adsorbents is an attractive method. Zeolites, a family of microporous aluminosilicates, 
are one of the candidates for adsorbents, and much effort has been devoted in optimizing the 
operation conditions [2].  
Mesoporous silicas, such as MCM-41 [3,4] and SBA-15 [5], which possess large surface 
areas (up to ca. 1200 m2/g) and pore volumes (larger than ca. 0.8 cm3/g) with uniform 
mesopores (larger than ca. 2.0 nm), are interesting adsorbents since they have large water 
adsorption capacities [6]. We have investigated the desorption of T from several porous 
materials including MCM-41, SBA-15, LTA(5A) zeolite, and amorphous SiO2 [7]. Among 
them, MCM-41 was found to have a superior intrinsic T desorption property as compared 
with LTA(5A). It was also found that such T enrichment could be reproduced after 5 cycles of 
water impregnation and desorption [7]. In this research note, we report the details of T 
desorption behavior of MCM-41 after 5 cycles of water impregnation/desorption treatments.  
MCM-41 was prepared by the procedure given in the literature with slight modifications 
[8]. The starting materials were colloidal silica (Snowtex-20, Nissan Chemical Industries, 
Ltd.) as the silica source, dodecyltrimethylammonium bromide (Tokyo Kasei) as the template, 
NaOH (Kanto Chemical), and distilled water. The mixed solution with the molar composition 
of 1.00 SiO2 : 0.50 DTAB : 0.28 NaOH : 54.5 H2O was hydrothermally treated at 130°C for 
48 h in a stainless-steel autoclave. The white precipitate was post-treated by dispersion in 
distilled water (solid/water = 1:10 by weight) at 130°C for 24 h. Calcination in order to 
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burn-off the template was done under an air 
flow at 550°C for 10 h with a ramp rate of 
2°C/min. The as-synthesized material was 
denoted as MCM(1).  
The obtained MCM(1) was dehydrated at 
180 °C for more than two days, and then 
cooled to room temperature under a vacuum. 
Then, distilled water impregnation was 
performed by the incipient wetness method. The sample in a quartz boat was placed in the 
desorption apparatus equipped with an oven under an Ar flow of 50 cm3/min at 25°C for 24 h. 
Subsequently, the sample was placed in a quartz tube in a furnace. The temperature of the 
furnace was increased to 100°C at a ramp rate of 5°C/min, and this temperature was 
maintained for 60 min. Then, the temperature was raised to 150°C for 30 min. By repeating 
this stepwise heating, temperature was raised in increments of 50°C up to 550°C. The 
impregnation and desorption cycles were repeated 5 times, and the resulting material was 
denoted as MCM(5).  
The periodic mesostructure of MCM(1) and MCM(5) was confirmed by X-ray diffraction 
(Philips, PW1825/00). Figure 1 shows the XRD patterns of MCM(1) and MCM(5). The XRD 
patterns of both samples exhibited well-resolved diffraction signals assignable to the 100, 110, 
200, and 210 reflections of hexagonal symmetry (p6mm). This indicates that the structural 
collapse is not critical in MCM(5). The unit cell parameter (a0 = 2d100/√3) was estimated to be 



































Fig. 1 XRD patterns of MCM-41. MCM(1): 




3.88 and 3.89 nm for MCM(1) and MCM(5), respectively. Nitrogen sorption isotherms 
(Autosorb-1MP, Quantachrome Instruments) showed type-IV curves with a steep H1 
hysteresis loop in the relative pressure range of 0.2-0.3 in both MCM(1) and MCM(5), 
indicating uniform tubular pore channels [9]. The Brunauer-Emmett-Teller (BET) surface 
area, pore diameter by Non-Local Density Functional Theory (NLDFT [9]), and pore volume 
were estimated, respectively, to be 1109 m2/g, 3.13 nm, and 0.79 cm3/g for MCM(1), and 
1114 m2/g, 3.18 nm, and 0.78 cm3/g for MCM(5). These results indicate that mesostructure is 
more stable under the present experimental conditions than that in previous studies, which 
were carried out under steam [10], hydrothermal [11,12], and high temperature conditions 
[13].  
T desorption was studied using the apparatus [14] in the radioisotope laboratory of 
Hydrogen Isotope Research Center, University of Toyama. Experimental procedures were the 
same as those mentioned above, except that tritiated water was used instead of distilled water. 
Briefly, a dried (180 °C and evacuation) sample was impregnated with tritiated water (231.1 
kBq/mL) by the incipient wetness method. The total amount of T impregnated was 462 and 
410 kBq/g for MCM(1) and MCM(5), respectively (Table 1). The sample (0.1–0.3 g as 
adsorbent) in a quartz boat was placed in the T desorption apparatus equipped with an oven 
under an Ar flow of 50 cm3/min at 25 °C. Here, under an Ar flow, T was allowed to desorb 
spontaneously from the sample (mainly as HTO) and was collected in water bubblers in an ice 
bath. Then, water-insoluble species such as HT were led into a CuO bed heated at 527°C, 
where HT was oxidized to HTO and collected in a separate water bubbler. The amount of T 
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collected was measured by using a liquid scintillation counter (Tri-Carb 2100TR, Packard) 
with a liquid scintillator (Ecoscint XR, National Diagnostic). It should be noted that more 
than 98% of T was collected as HTO in the desorption experiments.  
Spontaneous desorption of T from MCM-41 was observed under Ar flow at 25°C. The 
desorbed T was collected over an adequate period up to 24 h. Figure 2 shows the T desorption 
profiles of MCM(1) and MCM(5). Here, the amount of T desorbed is normalized with respect 
to the weight of the adsorbent and time (kBq/gh). It was revealed that a large amount of T 
was desorbed in the early stages up to 5 h. The desorption rate decreased after 5 h, and 
became about 0.2 kBq/gh after 24 h. As listed in Table 1, the cumulative amount of T 
desorbed during the first 24 h was estimated to be 424.6 and 382.2 kBq/g for MCM(1) and 
MCM(5), respectively, which were almost 90 % of the quantities impregnated. A significant 
weight loss was also observed as shown in 
Table 1; more than 95 % of the tritiated water 
was released. On the basis of the amount of T 
desorbed and the weight loss, the 
concentration of the tritiated water released 
was calculated to be 216.5 and 219.3 kBq/mL, 





























T impregnated Spontaneous desorption Thermal desorption
wt%
Table 1 Summary of T impregnation and desorption for MCM(1) and MCM(5)
























































Fig. 2 Change in the amount of T desorbed from 
MCM(1) and MCM(5) at 25 ºC. Bars along the 
x-axis represent the periods of T collection.   
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than those of the tritiated water used for 
impregnation, suggesting that a certain 
amount of T remained in the samples.  
Subsequently, the T remaining in the 
samples were thermally desorbed. The 
sample was placed in a quartz tube in a 
furnace under an Ar flow (100 cm3/min). 
Then, the temperature of the furnace was increased to 100°C at a ramp rate of 5°C/min, and 
this temperature was maintained for 60 min. After the water bubblers were changed, the 
temperature was raised to 150°C for 30 min. By repeating this stepwise heating, temperature 
was raised in increments of 50°C up to 550°C.  
Figure 3 shows the change in the amount of T desorbed depending on temperature. The 
amount of T desorbed was normalized to the weight of the adsorbent as unity. The T 
desorption profiles of MCM(1) and MCM(5) were very similar to each other, as seen in 
Figure 3. Both in MCM(1) and MCM(5), T desorption decreased when temperature rose from 
25 to 150 °C, and showed a minimum of about 0.2–0.3 kBq/g at 100–150 °C. Then, the 
desorption amount increased again above 150 °C. An almost constant amount of T of 0.8–1.1 
kBq/g was observed at temperatures from 200 to 550 °C. Such desorption profile can be 
explained by the state of adsorbed HTO molecule [7]. Namely, a large number of physisorbed 
HTO molecules desorbed below 100°C. Thereafter, desorption of HTO via condensation of 
surface silanol groups dominated above 100°C [7]. 































Fig. 3 Tritium desorption profile from MCM(1) and 
MCM(5) at 25 – 550 ºC.  Error bars represents the 
period of T collected.   
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The cumulative amount of T desorbed from 25 to 550 °C was estimated to be 9.57 and 
9.27 kBq/g for MCM(1) and MCM(5), respectively. The sum of the T desorbed at 25 °C and 
under thermal conditions corresponded to 434.2 and 391.5 kBq/g for MCM(1) and MCM(5), 
respectively, showing more than 95 % of mass balance (Table 1). Besides, after thermal 
desorption, a weight loss of 1.10 wt% for MCM(1) and 1.18 wt% for MCM(5) were observed. 
On the basis of the amount of T desorbed and the weight loss, the concentration of tritiated 
water was calculated to be 290.0 and 282.4 kBq/mL, respectively. It is obvious that the 
concentration of tritiated water increased as compared with that used for impregnation. The 
concentration ratio, defined as the ratio of the concentration of T desorbed under thermal 
conditions to that derived from spontaneous desorption, was 1.34 and 1.29, respectively. 
These indicate good reproducibility and reusability of MCM41 in the enrichment of tritiated 
water. Although the volume of tritiated water obtained under thermal conditions was small, 
the optimization of desorption and especially adsorption conditions might improve the 
effective enrichment of tritiated water.  
In conclusion, the structural stability and T desorption behavior of MCM-41 was 
investigated.  The mesostructure of MCM-41 was found to be maintained up to 5 cycles of 
sequential impregnation and spontaneous and thermal desorption. The T desorption behavior 
of reused MCM-41 was very similar to that of as-synthesized one, showing a good reusability 
and reproducibility.  The results suggest that MCM-41 is one of the attractive adsorbents for 




[1] T. Sugiyama, Y. Asakura, T. Uda, T. Shiozaki, Y. Enokida, I. Yamamoto, Fus. Engineer. 
Des. 81 (2006) 833.  
[2] A. Taguchi, Annual Report of Hydrogen Isotope Research Center, University of Toyama, 
2930 (2010) 5. (in Japanese)  
[3] C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, J. S. Beck, Nature 359 (1992) 
710.  
[4] J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge, K. D. Schmitt, C. T. 
W. Chu, D. H. Olson, E. W. Sheppard, S. B. McCullen, J. B. Higgins, J. L. Schlenker, J. 
Am. Chem. Soc. 114 (1992) 10834.  
[5] D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, B. F. Chmelka, G. D. Stucky, 
Science 279 (1998) 548.  
[6] A. Taguchi, F. Schüth, Micropor. Mesopor. Mater. 77 (2005) 1.  
[7] A. Taguchi, Y. Torikai, M. Matsuyama, submitted.  
[8] T. Sawada, T. Yano, N. Isshiki, T. Isshiki, M. Iwamoto, Bull. Chem. Soc. Jpn. 81 (2008) 
407.  
[9] S. Lowell, Joan E. Shields, M. A. Thomas, M. Thommes “Characterization of porous 
solids and powders: surface area, pore size and density”, Kluwer, London (2004).  
[10] I. Eswaramoorthi, A. K. Dalai, Int. J. Hydrogen Energy 34 (2009) 2580.  
[11] J. M. Kim, S. Jun, R. Ryoo, J. Phys. Chem. B 103 (1999) 6200.  
[12] N. Igarashi, K. A. Koyano, Y. Tanaka, S. Nakata, K. Hashimoto, T. Tatsumi, Micropor. 
Mesopor. Mater. 59 (2003) 43.   
繰り返し使用した MCM-41 からのトリチウム水の脱着 
 43
[13] C. Zhang, Q. Liu, Z. Xu, K. Wan, Bull. Chem. Soc. Jpn. 78 (2005) 1879.  
[14] S. Naoe, Y. Torikai, K. Akaishi, R.-D. Penzhorn, K. Watanabe, M. Matsuyama, Annual 













富山大学水素同位体科学研究センター、〒930-8555 富山市五福 3190 
 
Measurement of Electrical Resistivity of Pd hydride by using 
Alternating-Current Magnetometer 
 
Satoshi Akamaru, Masanori Hara, and Masao Matsuyama 
 
Hydrogen Isotope Research Center, University of Toyama, Gofuku 3190, Toyama 
930-8555, Japan 
 
 (Received January 31, 2013; accepted April 19 , 2013) 
 
Abstract 
We evaluated the electrical resistivity of Pd hydride without electrical contact. An alternating 
current susceptometer was used to measure the electrical resistivity. When columnar samples were 
used, it was possible to determine their relative electrical resistivity was obtained after simple 
analysis. The relative electrical resistivity increased monotonically with increasing hydrogen 
concentration in the Pd rod. At lower hydrogen concentrations, the obtained relative electrical 
resistivity was approximately the same as that reported previously, indicating that the 
alternating-current susceptometer correctly measured relative electrical resistivity. At higher 
hydrogen concentrations, the results differed from the values reported previously. Sample shape and 
geometry must be considered to obtain accurate values at higher hydrogen concentrations. 































































1111      …(1) 











dΦI         …(2) 
となる。ここで、1 巻きコイルのリアクタンスは、材料 M 中の水素濃度が[H]/[M]である試







































nSSIΦ   …(4) 
式 4 と式 1 を比較すると、渦電流により発生する磁束2の位相と、励磁コイルにより発生
する磁束1の位相が/2 だけ異なることがわかる。つまり、交流磁束計を用いた測定の際に、







































 使用した測定装置の概略を Fig. 1 に示す。本測定装置は、一般的な交流磁束計[8]と水素
吸収放出測定装置を組み合わせた構造をしており、両者は互いに独立に測定可能且つ簡単
に取り外し可能な自由度の高い構造となっている。交流磁束計は交流信号発信機（WF1974, 
NF 回路設計ブロック）、増幅器（HSA4051, NF 回路設計ブロック）、2 台のロックインア



















Figure 1. Schmatic diagram of alternating-current magnetometer combined with 
pressure-composition isotherm measurement system. 





 測定試料として、1×10 mm の円柱状 Pd（99.9％、田中貴金属工業）を 10 本用意した。
この試料を石英セル（内径 4）中に詰めて、装置に接続した。その際 10 本の試料が縦に積
みあがらないように、つまり 10 本の試料が全て横に並行に並ぶように詰めた。これにより、
個々の円柱試料の長軸方向と交流磁場発生方向がほぼ並行になるように配置された。その
後、石英セル中を 5×10-5 Pa 以下まで排気し、活性化処理として 523 K で 2 h の加熱排気を
行った。冷却後の状態を Pd 中の水素濃度が 0 となる点とした。ここから Pd 試料に一定量
の H2ガスを曝露し、Pd 内の水素と気相の水素ガスが平衡に達するまで、約 2 日間連続して
水素ガス圧力及び試料コイルに誘起される誘導起電力を測定した。測定の一例として、始
めに水素ガスを 75 kPa のガス圧で曝露した際の結果を Fig. 2 に示す。Fig. 2(A)には石英セル
内 H2 ガス圧力の時間変化を、Fig. 2(B)には誘導起電力のうち励磁コイルにより発生する磁
束より/2 遅れた成分（Y 成分）の時間変化を示している。H2ガス圧力は時間と共に減少し、
一方誘導起電力の Y 成分は時間と共に増加する。1 日経過後（1440 min）にはほぼ変化が見
えなくなり、両者とも 2 日目はほぼ一定の値を示した。これより、2 日後には H2ガスと Pd
中の H が平衡に達していると判断した。平衡に達した後、気相の H2 ガス圧力減少分より
Pd 内の水素濃度を見積もった。その後、誘導起電力の絶対値測定（後述）を行い、得られ
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Figure 2. Time dependence of (A) 
hydrogen gas pressure in quartz tube and 





























Figure 3. Typical example of the 
measurement of the absolute value of the 







交流振幅 V0 = 5 V の交流電圧を印加することで行った。 
誘導起電力の絶対値測定の概略について以下に説明する。Fig. 2(B)より得られる誘導起電










backsampPdy VVVV        …(8) 







  backPdsampy VVVV      …(9) 
となる。ここで VPd’は Lback Pd を配置した際に、Pd 内に発生した渦電流により Lbackに発生
する誘導起電力である。この Vy’と Vyの差分をとると、 
  PdPdy VVVVy       …(10) 
となり、バックグラウンドを取り除くことが可能となる。実際の装置では、試料の入った
石英セルは固定されているため、試料の移動は検出コイルを移動することにより行った。
このバックルラウンドを取り除く、いわゆる絶対値測定の一例を Fig. 3 に示す。Fig. 3 の横
軸は時間、縦軸は誘導起電力の Y 成分を示している。また Fig. 3 上部に記載されている Lsamp
及びLbackは、Fig. 1に示された同名の検出コイル内に試料が位置していることを示している。
試料を Lsamp 内に配置した際の誘導起電力の Y 成分の値は、Fig. 2(B)に示した誘導起電力の
時間変化で得られた、平衡到達後の値と同じである。そこから試料を Lback に移動すると、
誘導起電力の値が矩形状に変化し、30 sec 程度で一定値に落ち着く。そのときの誘導起電力
交流磁束計を用いた Pd 水素化物の電気抵抗測定 
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 Fig. 4 に交流磁束計での絶対値測定で得られえた誘導起電力の Y 成分（Vy）を白丸で、
Vy より見積もった比電気抵抗（R([H]/[Pd])/R(0)）を黒丸でそれぞれ示した。Fig. 4 につい
て、横軸は Pd 中の水素濃度（[H]/[Pd]）とし、また左側の縦軸はVy、右側は R([H]/[Pd])/R(0)
のスケールを別々に示した。[H]/[Pd] = 0 でのVyは 14.8 V であり、 [H]/[Pd]が大きくなる
に従い Vyは単調に減少した。Fig. 4 の中には、同一の[H]/[Pd]において 2 回測定を行った値
がプロットされている。この 2 回の測定値の差は、全ての測定において 0.3 V 以内であり、
この値を本測定での測定誤差とみなした。Vy の減少率は、[H]/[Pd]が大きくなるにつれ縮
小する傾向が見られ、[H]/[Pd] = 0.7 の水素化物相でのVyは、[H]/[Pd] = 0 でのVyの 6 割程
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Figure 4. Hydrogen concentration dependence on the output voltage generated from eddy current 








= 0.7 で R([H]/[Pd])/R(0) = 1.75 となっている。この傾向は別々の 3 者の測定でほぼ同一であ
ることから、これら過去に行われた測定結果は十分信頼でき、Pd 水素化物の比電気抵抗を
正確に測定していると判断した。今回測定した比電気抵抗の結果は、[H]/[Pd]が小さい領域







































Figure 5. The relative electrical resistivity of Pd-H system reported from several researchers.
Long-dashed, short-dashed and dotted lines indicate the result of the relative resistivity measured 
perviously by other researcher. Solid line is the eye guide 
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